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U ncorrected refractive error has been identified as a leading cause of preventable blindness in the world today. 1 Although optically correctable with lenses or refractive surgery, myopia, or near-sightedness, is associated with an increase in axial length of the eye. It can be progressive in nature and high levels of myopia are associated with sight-threatening conditions. [2] [3] [4] The prevalence of myopia is reported to be increasing worldwide [5] [6] [7] and this has led to renewed interest in understanding and controlling the underlying mechanism of myopia progression. To date, various strategies to prevent or slow the progression of myopia in humans, such as bifocals, undercorrection, and cycloplegia, have generally either been unsuccessful in the long term, or given rise to unacceptable side effects. [8] [9] [10] [11] [12] [13] A great deal of information has been learned about refractive error development using various animal models. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] It has been established that the visual stimulus environment alters refractive development in primates, tree shrews, and chickens. [14] [15] [16] [17] [18] [19] [20] Chickens are a useful animal model in which to study myopia progression, 21 as they are precocial animals with a short developmental period of just a few weeks and they are relatively easy to handle to measure their refractive state with retinoscopy. Previous work with chickens, in particular, has demonstrated that defocusing the eye of a newly hatched chicken with a negative power causes the eye to compensate for the defocusing lens. 16, 17 This process of emmetropization, by which an eye becomes altered to attain a final refraction through the lens that approaches zero, has been shown to occur in a fairly predictable manner with a wide range of defocus stimuli, including both positively and negatively powered stimuli. [17] [18] [19] [20] The refractive change in response to negatively-powered defocusing lenses is primarily due to a change in axial length. [18] [19] [20] 22 Subsequent removal of the negatively powered defocus lens from the eye eventually results in the eye's refractive error returning to match that of the contralateral untreated eye. This response is initially due to choroidal thickening followed by scleral changes, which are the same processes that occur in response to positively powered defocus lenses. 19, 23, 24 The results of recent animal experiments have led researchers to suggest that peripheral retinal focus, relative to the focus at the posterior pole, may play a role in the development of refractive error. Plotting the image shell of a negative-power corrective lens illustrates the presence of hyperopic defocus at the peripheral retina, relative to the correct focus at the central retina. This led to the theory that the relative hyperopic defocus at the peripheral retina may actively encourage the peripheral retina to shift posteriorly to create better peripheral focus, which in turn effectively increases central axial length and therefore central myopia. 25, 26 Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: This theory has led to the development of corrective lenses with a peripheral design aimed at eliminating the relative hyperopic defocus at the peripheral retina while maintaining correct focus at the fovea. Tabernero et al. 27 used a novel autorefractor and established that a negatively powered correcting lens with a positive, radial power gradient produced relative myopic defocus in the peripheral retina, instead of the relative hyperopic defocus produced by a traditional negative lens design.
The purpose of this study was to investigate the performance of new lens designs that were designed specifically for the purpose of myopia progression control (MPC) by modifying the focus in the peripheral retina. To test the hypothesis that this unique lens design would have an inhibitory effect on the development and/or progression of central myopia, defocus-induced myopia in chickens was used as a predictable ''controlled'' response against which the effect of the new MPC lens designs could be gauged.
METHODS
The use and treatment of the chickens in this study complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, as well as the Canadian Council on Animal Care. Approval for this study was provided by the University of Waterloo's Animal Care Committee.
Eighty-five newly hatched broiler chickens (Ross-Ross strain) underwent central refractive assessment of both eyes using streak retinoscopy to within 60.50 diopters (D). High frequency A-scan ultrasonography was used to measure the ocular axial lengths (anterior cornea to retina) on a subset of these chickens. Ultrasound was conducted under general anesthesia using 1.5% isoflurane in oxygen.
The chickens were then divided randomly into a Control group (n ¼ 37), a Test 1 group (n ¼ 23), and a Test 2 group (n ¼ 25). Every chicken had a lens fixed unilaterally over its right eye at a vertex distance of 5 mm using rings of Velcro, which were glued to the chicken feathers using cyano-acrylic glue. 22 For all chickens, the contralateral eye remained untreated.
To measure central refractive error, streak retinoscopy was conducted on the day of hatching (day 0) and repeated on days 3, 7, 10, and 14 by an investigator who was masked from the Control and Test groups' assignment. Lenses were removed briefly to allow this measurement. On day 14 following retinoscopy, the axial length of each eye was measured by a masked investigator for a second time using high-frequency Ascan ultrasonography. Immediately following euthanasia, the chicken heads were flash frozen in ethanol and dry ice, then mounted in a freezing microtome and sliced into sections. Each section that provided a cross-section of the ocular globes was photographed alongside a millimeter rule.
Throughout the study period of 14 days, the chickens were maintained in stainless steel brooders with an initial temperature of 328C, provided with food and water ad libitum, and raised on a 14-hour light/10-hour dark cycle. The chickens were monitored every 4 hours through the day, as well as early morning and before the lights went out. Lenses were checked routinely for centration and cleanliness and removed briefly for repositioning and cleaning if deemed necessary, using new rings of Velcro when required. In cases in which the lenses may have been detached for more than 4 hours, or when they were not able to be reattached due to insufficient feathers around the eye, the chicken was euthanized and the data set was removed from the final analysis.
Comparisons were made between days and between lens designs. Repeated measures ANOVA, paired and unpaired ttests with Bonferroni corrected post hoc testing with statistical significance set at P < 0.05, were used for data analysis. Refractive error and axial length data are reported as means and SEMs. The refractive error and axial length data, as well as the difference between the treated and untreated eyes for each group (untreated value subtracted from treated value), are shown. The difference data has previously been reported this way to avoid skewing of the absolute means due to small eye artifacts. 28 Thus, the mean refractive error interocular difference between eyes (MDiff ref ) and mean axial length interocular difference between eyes (MDiff axial ) are also reported.
Lens Details
The Control group wore a standard design À10.00-D spherical power lens. The Test groups wore two separate, unique MPC lens designs, which both had a central power verified to be within 60.50 D of À10.00 D (in accordance with the American National Standards Institute) using a 5-mm aperture on a standard lensometer (Nikon PL 2 #31216; Nikon Instruments Inc., Melville, NY). Both Test designs exhibited a continuous gradient of relatively positive power change extending into the periphery (US patents 6474814 and 7178918, held by Visioneering Technologies, Inc., Alpharetta, GA). The lens designs were scaled for a back vertex distance of 5 mm and a 2.5-mm chicken pupil. The Test 1 lens design incorporated a þ2.75-D power rise at the pupil edge. The Test 2 lens design incorporated a slower progression in power through the periphery than the Test 1 lens. The Test 2 lens design resulted in a þ1.32-D power rise at the pupil edge. The Control and Test lenses were identical in every aspect except for the inclusion of the peripheral MPC lens design in the Test lenses. The physical parameters of all lenses were overall diameter 20 mm, optic zone diameter 15 mm, and base curve radius of 10 mm. All lenses were lathe manufactured from polymethylmethacrylate buttons obtained from Lagado Corporation (Englewood, CO).
RESULTS

Refractive Error
The mean refractive errors (6SE) for the total number of chickens available at each measurement stage are shown in Table 1 . The mean refractive error of the newly hatched chickens on day 0 was 6.92 D, which is similar to that reported previously. 29 There was no statistical difference at day 0 for refractive error of the Control group chickens compared with either Test group, or between treated and untreated eyes in each group (all P > 0.05).
Throughout the study period, some lenses became detached from the chickens' feathers and, if the period of lens loss could not be confirmed as less than 4 hours, this chicken no longer continued in the study. This resulted in reducing sample sizes with age, as shown in Table 1 .
After day 0, statistical analysis between groups was conducted on the data acquired from only those chickens who completed day 14: Control group n ¼ 17, Test 1 group n ¼ 14, Test 2 group n ¼ 6. The mean refractive error data on each measurement day, from only the set of chickens that maintained goggles for 14 days, are presented in Figure 1 .
Over the study period, the untreated eyes of all groups showed a mean reduction in hyperopia of 3.73 D, as shown by the dashed lines in Figure 1 , which is consistent with expected normal development. 29 There was no statistical difference (P > 0.05) between the untreated eyes of the three groups on any of the measurement days. Analyzing the data from only those chickens that completed the day 14 
Axial Length: Ultrasound
It was not always possible to attain a clear ultrasound scan from every chicken, as the eye sometimes rotated to an extreme position, which made it impossible to identify the peaks of the scan. Therefore, the sample sizes for ultrasound are lower than those of retinoscopy for the Control and Test 1 groups. Figure 2 shows the mean axial length data for those chickens that had ultrasound measurements on both day 0 and day 14. The day 0 axial length data were not statistically different between groups, nor between the treated and untreated eyes within the groups, mean 8.06 mm (all P > 0.05). There was also no difference in axial length between the untreated eyes of all groups at day 14 (P > 0.05) and all underwent a small increase in axial length consistent with expected normal development. 29 The treated eyes of the Control group exhibited a statistically significant increase in axial length of 0.64 mm (P < 0.01). The axial length of the treated eyes of the Test 1 and Test 2 groups also increased; however, the change was not statistically significant (both P > 0.05). The day 14 axial length of the Control group was statistically significantly longer than the Test 1 and the Test 2 groups (both P < 0.01). Table 3 shows the MDiff axial data (axial length of the treated eye minus that of the untreated eye) for the chickens measured at both day 0 and day 14. There was no difference in MDiff axial between the Control and Test groups at day 0 (all P > 0.99). The results show that the MDiff axial of the Control group changed significantly over time (P < 0.01), whereas the MDiff axial of the two Test groups did not (both P > 0.05). At day 14, the MDiff axial of the Control group was statistically significantly greater than the Test 1 and Test 2 groups (both P < 0.01). The MDiff axial of the Test 1 group was not statistically significantly different from that of the Test 2 group (P > 0.99).
Axial Length: Frozen Section
Ocular sectioning of flash-frozen chicken heads was possible only in a subset of chickens due to time restrictions. However, the data serve to support the axial length data measured by ultrasound. The axial lengths measured from these chickens are presented in Figure 2 . In the Control group, the treated eyes were longer than the untreated eyes (P ¼ 0.02). In the Test Data from all chickens available on each measurement day are presented, although the group sizes reduced over the study period as lenses became detached from the chickens. 1 group, there was no difference in axial length between the treated and untreated eyes (P > 0.05). The eyes treated with the Test 1 lens had statistically shorter axial lengths than those eyes treated with the Control lens (P ¼ 0.02), whereas there was no difference between the untreated eyes of these groups (P > 0.05).
DISCUSSION
The MDiff ref data from this study illustrate that the treated eyes of the Control group responded differently from those of the Test groups. This difference was evident as early as day 3 and the difference remained statistically significant, despite the decrease in sample size over the 2 weeks. The sample size was reduced as a result of removal of chickens from all groups due to the dislodgement of their goggle and the likelihood of an immediate choroidal thickening response. The results would have been more compelling if the sample sizes had remained higher, but the overall effect is very strong despite the lower numbers on day 14. Lens dislodgement appeared to be due to molting, as the chickens lost their downy feathers from hatching to day 14, and there is no evidence that this was biased toward one batch of birds over another. As anticipated, the Control treated eyes became far more myopic compared with their contralateral untreated eye. The rapid change in the Control treated eyes during the first week, along with a slower rate of response after that period, has been reported previously. 30 The Test 1 and Test 2 treated eyes, however, showed a more moderate variation from their contralateral untreated eyes.
The measurements of axial length provide an indication of the mechanism underlying the changes in refractive state of the chicken eyes. The axial length data measured from the frozen sections of the globes of a subgroup of the chickens corroborates the data measured using ultrasound. These results indicate that the Control lens-wearing eyes became significantly longer both compared with the untreated eyes and treated eyes of both Test groups. This was not surprising, as previous work has demonstrated that defocus-induced myopia demonstrated by the Control lens-wearing eyes would be associated with a significant increase in axial length. [18] [19] [20] 22 The lack of significant axial length increase seen with the Test 1 and Test 2 defocus lenses indicates that these lens designs reduced defocus-induced myopia progression through the inhibition of axial elongation.
A lens design with a modified peripheral focus relative to central focus is a logical step, as various studies in animal models have pointed to peripheral retinal focus being an important factor in refractive error development. 24, 26, [31] [32] [33] [34] [35] [36] [37] Smith et al., 26 in particular, argued for a role of the peripheral retina in central refractive control when they showed that, in primates with and without functioning central retina, negative defocus lenses applied in a peripheral annulus still led to myopia development. Stone et al. 31 established that different sizes of central or peripheral apertures in opaque goggles led to varying levels of myopia and increases in axial length in chickens. In contrast, Schippert and Schaeffel, 34 using powered lenses with central holes of 4 mm or larger, found no lensinduced ametropia . Smith et al. 26 argued that this lack of effect could be explained by the vertex distance, which was such that only the extreme peripheral retina received defocus.
Liu and Wildsoet 33, 35 investigated chickens' responses to lenses with a different central power to peripheral power. Their results indicated some variation in the myopia progression and axial length, dependent on aperture size and the relationship of the central to the peripheral zone power. Central apertures less than 6 mm reduced defocus-induced myopia when the peripheral zone was more positively powered than the central zone. The level of myopia inhibition that they were able to show was less than that found in this study, but nevertheless supports the theory of relatively positive peripheral lens power playing a role in myopia control in chickens. More recently, Tepelus et al. 36 investigated the effect of two designs of plano-center radial gradient lenses on eye shape and refraction in chickens. The design with the narrower central zone and shallower peripheral power change caused hyperopic shifts both centrally and peripherally, whereas the design with the wider central zone had no effect on central refraction.
The size of the effect demonstrated in this experiment, that is, the relatively small refractive change in response to the À10.00-D Test 1 and Test 2 lens designs compared with the large change induced by the À10.00-D Control lens, is far greater than in any other published reports for chickens. The larger effect could be due to one or more of the following factors: different strains of chickens, the fact that we started treatment on the day of hatching rather than using older chickens, or specific aspects of the test lens designs.
One of the unique design aspects is that the center to periphery power profile is a gradient, which is different from the majority of lenses used previously in animal work, which have had well-defined zones or apertures. The Test 2 lens design provided a slower progression in plus power through the periphery than the Test 1 lens design. This was the only difference between the two test designs and therefore it appears that this aspect of the lens design must in some way have influenced the axial length and refractive error outcome, relative to the untreated eyes. The exact nature of this influence is unknown but it may be that the power progression inhibits (Test 1 lenses) or reduces (Test 2 lenses) emmetropization, either because it is just not necessary or because the signal is no longer detectable. Alternatively, the rate of change of the power profile may differentially affect integration across the retina between the two lens designs. Peripheral refractions were not measured in this study but, if they had been, they may have provided more insight into the mechanism involved in the inhibition of the defocus-induced myopia.
The concept of the effect being due to absolute myopic defocus in the peripheral retina may not apply here. The central retina was defocused by À10.00 D and therefore the peripheral image shell of the test lenses, although less hyperopic than the center, may not become anterior enough to provide peripheral myopic defocus. This will depend on factors such as eye shape relative to the image shell and what, if any, accommodation is exerted to overcome the À10.00-D central power of the lens. It is unlikely that the chicken will accommodate through the À10.00-D lens, preferring instead to view through the untreated eye. 22, 38, 39 However, it is true that whether the eye is in the rested state or the accommodated state, compared with the central retina, the peripheral retina would have relative myopic defocus. In other words, the apparent control of the defocus-induced myopia may be related to the relationship between the focus in the central and peripheral retina.
Charman and Radhakrishnan 40 published an extensive review article on the influence of the relative peripheral refraction on ametropia development, which examines both animal and human research. One of the major conclusions of this article was that, although it remains unexplained exactly how relative peripheral hyperopia can control myopia in humans, there is ''substantial evidence to suggest that the state of focus in the peripheral retina might have some influence on foveal focus and refraction.'' 40(p334) Research in humans has shown that it is not only the fovea that is responsible for the signal causing the eye to accommodate. It has been established that the accommodative response can be triggered by defocus at least 10 degrees out from the fovea 41 and perhaps as far as 30 degrees, 42 indicating that the peripheral retina is capable of detecting and responding to defocus and therefore of having focus regulation capabilities.
Some clinical trials attempting to control myopia progression in humans using progressive addition spectacle lenses 10 and contact lenses with either a graduated peripheral power 43 or Dual Focus bi-zones 44 have reported a small, statistically significant MDiff ref , which is encouraging but not yet clinically meaningful. As many years are required to demonstrate a sizeable effect on myopia progression in humans, testing an MPC design in an animal model provides a more timely method to optimize the design, although there are some important points to consider when equating this result in chickens with the human eye, such as differences in accommodative mechanism, ocular shape, scleral structure, and retinal complexity. Some of these differences, however, may be beneficial in producing an enhanced myopia control effect in humans compared with chickens. A more prolate shape of the globe and accommodative lag has been reportedly associated with myopic children and both serve to exaggerate the degree of peripheral defocus. 45 The Test 2 lens design used in this experiment has been shown to reduce accommodative lag in children when incorporated into a soft contact lens. 46 Accommodative lag has been suggested as a potential risk factor for myopia; therefore, reducing it could be one of the reasons for achieving positive results for controlling eye growth when specific designs of contact lenses 46 or spectacles 47 are used in children. Although it remains uncertain whether the more prolate eye shape and relative peripheral hyperopia in children are causative of myopia or simply associated with it. The study by Sng et al. 48 on Chinese Singapore children confirmed a link between relative peripheral hyperopia and myopia but could not determine if the association was a causative one. The article by Hoogerheide et al. in 1971 49 was initially understood to show relative peripheral hyperopia as predictive of the development of myopia, but a recent critique of this article has questioned the timing of the data collection thus casting doubt on the predictive assumptions. 50 A recent study by Schmid 51 investigated retinal steepness changes in children over a 30-month period and concluded that eye shape at the fovea, likely in conjunction with peripheral defocus, was predictive for the increase in ocular axial length. In contrast, a longitudinal study of children from age 8 over 5 years concluded that the degree of relative peripheral hyperopia was not consistently predictive of myopia development. 52 The large and significant differences in refraction and axial length between the Control and Test lens-wearing eyes, indicate that the two iterations of this MPC lens design have provided a mechanism to control eye growth in chickens. It should be kept in mind that this work investigated the control of defocus-induced myopia, rather than ''natural'' myopia progression. Future work should further investigate the effect of varying the amount and rate of increase of the progressive plus power in the lens designs, as well as whether or not the designs are capable of decreasing the response to higher amounts of myopic defocus. Measuring off-axis refraction, as well as central, would also be of interest. The 1-week trials of the Test 2 lens design in children have been encouraging. 46 If this design can be as effective in humans as it has been in this chicken study, the potential for controlling myopia progression is significant.
